The evolution of the nucleon structure as a function of atomic mass A is considered for the first time for the lightest nuclei, D, 3 H, 3 He and 4 He, with an approach based on the Bethe-Salpeter formalism. We show that the pattern of the oscillation of the structure functions ratio r
Introduction
The understanding that nucleon structure cannot be regarded as unrelated to nuclear structure has been the main outcome of the European Muon Collaboration (EMC) [1] . The nuclear environment modifies the nucleon partonic structure in such a way that the ratio of the nuclear and deuteron structure functions, r
, deviates from unity, resembling an oscillation with respect to the line r A (x) = 1. A large variety of models were suggested in an attempt to explain the difference between F A 2 and F D 2 (c.f. Review [2] ). All models failed to reproduce quantitatively x dependence of the effect, many of them experienced difficulties in describing results obtained on different nuclear targets. Most promising were (a) convolution model with the parameter of separation energy [3] , (b) Q 2 rescaling model [4] , (c) QCD motivated models [5] and (d) quark models (c.f. Reviews [6] ). It also deserves to be recalled that as has been shown in early publications (c.f. Refs. [7] ), the A dependence of the ratio r A (x) could be explained with conventional nuclear structure considerations in the range A > 4. Still, following resume of Ref. [2] , we summarize that the origin of the EMC effect remained obscure.
It should be underlined that the major number of models considered the EMC effect in the deep inelastic scattering (DIS) off medium and heavy nuclei. Very few of them went down to A = 4 and A = 3 in an attempt to describe the available data by using a quark-parton mechanism [8, 9, 10, 11] , or the conventional nuclear model for A = 4 [12] . Not a single approach aimed at the consistent evaluation of the evolution of the nucleon structure modifications in the lightest nuclei.
On one hand, it was related with specific problems of few-body interactions and on the other hand it was simply because the role of the binding effects which are expected to be the strongest in the range A ≤ 4 was underestimated. For instance, one finds in a recent publication (Ref. [13] ) the statement that "the intrinsic structure of individual nucleons is evidently not very much affected by nuclear binding". The statement contradicts the conclusions of Refs. [14, 15] in which it is found that the consistent inclusion of the binding effects allows to describe the data in a wide range of x.
The argument that the origin of the EMC effect is closely related to saturation of the shortrange binding forces in 3-or 4-nucleon systems was first presented in [16, 17] . Previous attempts to exploit this physics for explanation of the effect failed because of both theoretical difficulties and a lack of understanding on how the saturation would show up in the observables. This excuses the statement of [18] , that the data on r A (x) does not directly correlate with the binding energy per nucleon. The saturation, according to [17] , had to manifest itself not in the amplitude of the oscillations, but in the pattern of the x dependence of r A (x), namely in the positions of the three cross-over points x i , i = 1 -3, in which r A (x) = 1. Such a pattern can be clearly seen from re-evaluated data of SLAC [18] and NMC [19] . There does not exist any data on r A (x) in the range of A < 4. Most challenging therefore is to evaluate how the effect evolves in the range of the lightest nuclear masses, r
. When calculated in a consistent approach, the evolution of the nucleon structure modifications can be traced in the range x > 0.3 as a certain sequence x 3 (A = 2) < x 3 (A = 3) < x 3 (A = 4), which is much easier to check experimentally than the deviation of r A (x) from unity. By tagging the pattern of the modifications with the help of x 3 , as is shown below, one can realize how important is a correct evaluation of r D (x), the fact, which is often ignored in many publications. It is natural to assume that the progress in the understanding both of the effect and the relations between numerous models requires development of a consistent relativistic field theory description of nuclei. This motivated our work on the approach which would allow us to derive an expression for the nuclear hadronic tensor by avoiding assumptions on the mechanisms of the nuclear binding forces. In the present Letter, we perform derivations of the relative changes in the nuclear structure function F A 2 (x), with respect to the isoscalar nucleon one,
, where p and n denote the free proton and the free neutron respectively. On the other hand, the comparison with experimental data can be done only in terms of r A (x), obtained with the deuteron structure function F D 2 (x) as a reference. Therefore our final results will be presented for both cases. In the considered range of x ( 0.3 < x < 0.9 ) the experiments (see Ref. [18] ) are consistent with no Q 2 dependence of r A (x). We perform numerical calculations for a fixed Q 2 of 10 GeV 2 .
Formalism
Our approach originates from the Bethe-Salpeter (BS) formalism [20] and makes it possible to treat nuclear binding effects by using general properties of nucleon Green functions [21] . The method developed in [21] is model independent in the sense that it does not require any assumption about the nuclear structure except that the nuclear fragments have a small relative energy. It has been applied for the derivation of the relation between F D 2 (x) and F N 2 (x). By extending the approach for light nuclei, A = 3, 4, we have discovered that the consistent picture of the evolution of the partonic structure can be obtained in the same framework without additional assumptions.
The hadronic part of the DIS amplitude (hadronic tensor) is related with the forward Compton scattering amplitude T A µν by using the unitarity condition
and T A µν is defined as a product of electromagnetic currents averaged over nuclear states,
Starting from a field theory framework one can define the matrix element in terms of solutions of the n-nucleon BS equation and n-nucleon Green functions with the insertion of the T-product of electromagnetic currents,
where χ A is BS vertex function introduced to describe a nucleus in terms of virtual nucleon states. It satisfies the homogeneous BS equation,
term denotes the irreducible truncated n-nucleon Green function which is defined as follows:
where G 2n is an exact n-nucleon Green function. The function
The BS vertex function depends on the variables which are describing the relative position of nucleons inside a nucleus in the four-dimensional space. It is obvious that the main difference in kinematics of free and bound nucleons consists in the BS vertex and Green function dependence on the nucleon relative time τ i defined as
which is otherwise fixed. This leads to important changes in the amplitude which describes the scattering from an off-shell-nucleon, namely, the amplitude T 
where E is the on-mass-shell nucleon energy E 2 = k 2 + m 2 , k is the relative three momentum of the bound nucleons, M D and m are the masses of a deuteron and a nucleon respectively. The nucleon Bjorken variable is defined as x N = x D m/(E − k 3 ), and Ψ 2 (k) is an analog of the threedimensional momentum distribution which defines motion of the on-mass-shell struck nucleon in the field of the off-mass-shell one. The function Ψ 2 (k) is directly related to the BS vertex function of the deuteron Γ
The first term in Eq. (7) arises from the nuclear Fermi motion, while the second one results from the relative time dependence in the bound nucleon Green functions. The competition of these two terms defines a deviation of the ratio F D 2 /F N 2 from unity, which is generally considered as a signature of the modification of the nucleon structure. As is shown below by extending the approach for the three-and four-nucleon systems, it is the relationship between similar terms which is responsible for evolution of the partonic structure in the lightest nuclei.
Switching to momentum space we get from the Eq. (3) the nuclear Compton amplitude in the form:
where K denotes a set of momenta which describes relative motion of nucleons,
, and P is the total momentum of the nucleus. The function Γ(P, K) is the BS vertex function in momentum space:
Here the Green function G 2(n+1) µν represents Compton scattering of a virtual photon on a system of n-virtual nucleons. Typical contributions to the nuclear Compton amplitude can be schematically presented by the graphs shown in Fig. 1 . Transpositions of virtual nucleon lines are implied for all diagrams. Here the heavy and light lines denote the nucleon propagators with high and low momenta, respectively. The graph a) represents the relativistic impulse approximation in which only scattering off single nuclear constituents are taken into account. The diagram b) represents contribution of interference terms in the impulse approximation. The terms contain the BS vertex functions with high momenta and are suppressed as (1/Q 2 ) l , l ≥ 2. The diagrams c) and d) represent contribution of interaction corrections to G 2(n+1) µν . These terms contain the contributions of two or more nucleon propagators with high momenta and, therefore, are suppressed as ( 
Thus the only Q 2 independent term comes from the relativistic impulse approximation, while irreducible interaction corrections to the imaginary part of T A µν are suppressed by powers of 1/Q 2 [21] . This justifies consideration of the zeroth order term of G 2(n+1) µν : 
Integration over k i0 can, in principle, relate T A µν with on-mass-shell nucleon Compton ampli-
This can be realized only after the singularities in nucleon propagators and the BS vertex functions are taken into account [21] . Unlike the deuteron case, where singularities in the BS vertex function can be neglected, in case of A = 3, 4 they are connected with nucleon-nucleon bound states, which lie in the range of low relative momenta. One can express the singularities explicitly by introducing the "bare" BS vertex function G, which is regular with respect to the relative nucleon momenta:
where g 2n denotes the regular part of n-nucleon Green function at
A . This function, however, contains singularities of m-nucleon Green functions (m < n). For example, in case of 3 He the function g 6 depends on the exact two-nucleon propagator G 4 , which contains a deuteron pole and nucleon-nucleon continuous spectrum g 4 :
For 4 He one has, additionally, the 3 He and 3 H poles. Substituting expression (13) into Eq. (12), integrating over the relative energy of different nuclear fragments and using the relation (1) we derive the 3 He, 3 H and 4 He hadronic tensors, respectively, in terms of physical amplitudes of the fragments and its derivatives over k 0 at the mass-shell.
The scalar structure functions can be extracted from the hadronic tensors with the help of projection operators:
, where N denotes the bound nucleon. In the Bjorken limit the projection operator g µν can be used for extraction F 2 :
In this case, the projection operator does not depend on the relative momenta and the derivative of the hadronic tensor is written as follows:
The contribution of the second term is suppressed due to small mean value of k i0 , and it can be neglected in the nuclear hadronic tensor. This allows us to get rid off the dependence of W N µν on k
Introducing now Bjorken variables for a nucleus x A = Q 2 /(2P A · q) and for a nucleon 
and for 4 He in the form: (x4 He ) = (17) 
, where k 0p = M3 H /3 − E p . Since, presently, there are no realistic solutions of the Bethe-Salpeter equation for a bound system of three or more nucleons, one has to use phenomenological momentum distributions for numerical evaluations. The momentum distribution (18) describes the motion of a nuclear constituent (N, D, ...) in the field of the off-mass-shell spectator system. It is directly related with the nuclear momentum distribution measured in the e-A scattering when only a struck nuclear constituent is detected.
It is reasonable, thus, to assume that the momentum distributions in Eqs. (16) and (17) can be related with those extracted from the experimental data. In the calculations we make use of the distributions available from [22] and [23] . The contribution arising from continuous spectra (ppn for 3 He and ppnn for 4 He) is small in the considered kinematic range and does not change comparison of the final result with the data. This justified some simplifications which resulted in rather transparent form of Eqs. (16) and (17) . The contributions neglected in the derivations have been consistently taken into account in the normalization of the momentum distributions Φ 
Results
We emphasize that both the modification of the F N 2 and its evolution from A = 1 to 4 obtained in the framework of our method result from the relativistic consideration of the nuclear structure. In the derivations we essentially exploited the fact that the nucleons behave in a nucleus as asynchronic objects. This particular feature is responsible for the binding effects in F A 2 (x) which arise from the dependence of the bound nucleon hadronic tensor on τ i . The developed approach has a twofold merit. First, we can naturally reproduce the results of nonrelativistic models (e.g. [3] ) which offer the parametrization of the relativistic binding effects. Second, the outcome of the present study is particularly easy to understand when compared with the results of xrescaling model [3] . Indeed, from the comparison of Eqs. (15) and (16) with Eq. (19) one finds that the relative time dependence in the off-mass-shell nucleon Compton amplitude results in rescaling of the nucleon Bjorken x. One can also notice that due to the relation existing between the nucleon mass and the four-dimensional radius of its localization region, r 2 ∼ 1/m 2 , the discussed here dependence on τ i has to lead to the increase of the localization region of the nucleon. In a way this result resembles the model considerations of the effect of the increase of the deconfinement radius or swelling of the nucleon [2] .
The binding effects are expressed in (16) and (17) as the first-order derivatives of nuclear fragment structure functions. Thus the input structure functions F p(n) 2 (x) are responsible here not only for the internal nucleon structure but for the dynamics of the two-nucleon interactions as well. Similarly, F D 2 is responsible for the structure of the two-nucleon bound state and for the dynamics of three-nucleon interactions. As follows from Eq. (7), the derivative of F The nucleon structure functions are introduced via parametrizations based on the measurements of the proton and the deuteron structure functions by DIS experiments. We used the most recent parametrization of F p 2 (x, Q 2 ) found in [24] and fixed the value of Q 2 to 10 GeV 2 . The structure function F n 2 (x) is evaluated from F p 2 (x) and from the ratio F n 2 (x)/F p 2 (x) determined in [25] . We have verified that the uncertainties in F p(n) 2 (x) are suppressed in the obtained ratio r A (x) and, thus, can be neglected in the considered kinematic range. On the other hand we have checked that an unrealistic input F N 2 (x) would have completely destroyed the evolution of the modifications we find in the lightest nuclei.
The results of the numerical calculations, which show how the free nucleon structure function F N 2 (x) (A = 1) evolves to the deuteron (A = 2) and helium (A = 3 and 4) structure functions, are presented in Fig. 2(a) . The evolution, which starts from F D 2 (x), is shown in Fig. 2(b) . Contrary to what is observed for nuclei with masses A > 4, the pattern of the oscillation of r A (x) changes its shape in the range of A ≤ 4, which results in the change of the position of the cross-over point x 3 along the line r A (x) = 1 towards higher values of x. The modifications evaluated with respect to F N 2 (x) (Fig. 2(a) ) are not of academic interest only. We use them to demonstrate that the distortions of the nucleon structure in the deuteron cannot be regarded as negligible and, therefore, the relation F (Fig. 2(b) ). The displacement is eight times larger than experimental error for x 3 found in a recent data analysis of the ratios F [26] . According to [26] , x 3 = 0.84 ± 0.01 independently of A if A > 4. Such a precision allows one to reliably discriminate the effect of modification of the deuteron structure function from that of the free nucleon structure.
It is remarkable that the value of (1 − x 3 ), which is found for F Fig. 2(a) and from the relation between the cross-over points x 3 , the modifications of the nucleon structure resemble a saturation-like process which is fully consistent with the evolution of binding forces in the lightest nuclei. This phenomenon allows us to introduce the class of x-dependent modifications caused by the binding effects. Within the considered class there does not exist any mechanism which could have resulted in further changes in the pattern of r A (x) formed at the first stage of the evolution, A ≤ 4. The evolution of modifications to higher nuclear masses, where the EMC effect has been discovered, has to proceed independently of x and is to be regarded as the second stage [17] . The two-stage concept of the evolution of the free nucleon structure in nuclear environment is decisive for the understanding of the longstanding problem of the EMC effect.
As long as experimental data for A = 2 and 3 are not available, our predictions can be only confronted with the results on [18, 19] and shown in Fig. 3 . The position of the cross-over point, obtained from our calculations as x 3 = 0.913, is in reasonable agreement with the extrapolated data. It is of course of high importance to improve accuracy of the data.
On the other hand, we note particularly good agreement between the corresponding point for A = 3, x 3 = 0.845, and the average x 3 -value for nuclei in the range A = 9÷197 found in Ref. [26] . Such an agreement naturally follows from the two-stage concept of the F N 2 (x) evolution which is x and A dependent for A ≤ 4 and A dependent only for higher masses. The remarkable feature of our result is that the x dependent pattern of the EMC effect found experimentally in metals develops already at A = 3 and therefore can be regarded as a particular case of the introduced here class of the modifications.
A fundamental relation follows from the obtained results. Since binding corrections have the same form in Eqs. (16) we can write
The result represents the Gottfried sum I, which has often been studied experimentally from the combination of F p 2 (x) and F D 2 (x)(cf. Ref. [27] ). Such a combination is equal to I to within a correction proportional to F N 2 (x = 0). Indeed, as follows from Eq. (7),
Apparently, such tests cannot be performed rigorously because F N 2 (x) is unknown at x = 0. On the other hand, an experiment, which used 3 He and 3 H targets, would be able to measure the nucleon isospin asymmetry independently of the model uncertainties in the binding corrections.
Conclusions
The method for the model-free calculations of the evolution of the nucleon structure in the lightest nuclei has been developed as the extension of an approach based on the Bethe-Salpeter formalism. The method allows one to express F A 2 (x) in terms of structure functions of nuclear fragments and three-dimensional momentum distributions.
We find that the effects from asynchronic nucleons which naturally follow from a relativistic treatment of the two-nucleon binding are decisive in obtaining differences between structure functions of bound and free nucleons. The characteristic modification of the nucleon structure found for A = 2 serves as a priming for the modifications in the three-and four-nucleon systems and plays, therefore, a fundamental role in evolution of the bound nucleon structure. The EMC effect, which was essentially the observation that partonic structures of A = 2 and A = 56 nuclei were different, can be now regarded as a particular case of the whole class of modifications of the free nucleon structure in nuclear environment.
When translated to a nonrelativistic language, the event of asynchronic nucleons can be associated with the increase of the localization region for the bound nucleon and is observed as the modification of F N 2 (x). The developed approach does not require consideration of the three-nucleon forces to describe correctly the data available for the ratio F Results of the calculation, described in the text, are shown with the solid curve. The data are from Ref. [18] (filled circles) and Ref. [19] (empty circles).
